Objective: The aim of this study is to investigate the impact of missed chemotherapy administrations (MCA) on the prognosis of non-small cell lung cancer (NSCLC) patients treated with definitive chemoradiation therapy (CRT).
T he standard of care for unresectable non-small cell lung cancer (NSCLC) is concurrent chemoradiation therapy (CRT). The use of CRT results in improvements in locoregional control and overall survival (OS) compared with sequential chemotherapy and radiation or either treatment alone. However, increased toxicities have accompanied the efficacy of concurrent CRT, which can often necessitate interruptions in treatment. [1] [2] [3] When significant toxicity arises, Radiation Therapy Oncology Group protocols typically instruct holding chemotherapy before holding radiation therapy (RT). For example, when grade 3 esophagitis occurs, chemotherapy is stopped while RT continues, until grade 4 esophagitis arises. The importance of continuous uninterrupted RT has been well documented, and RT interruptions are a risk factor for worse OS and local recurrence-free survival in multiple malignancies, including NSCLC. [4] [5] [6] [7] [8] Unlike missed RT, the impact of missed chemotherapy administrations (MCA) during primary treatment for patients with NSCLC is poorly studied. However, work in other malignancies, such as pancreatic ductal carcinoma, demonstrated that deviations from planned chemotherapy regimens are associated with worse outcomes and OS. 9 Deviations from the initially prescribed treatment regimens are common during CRT for NSCLC, and documented rates of treatment-related toxicity interruptions range from 23% to 35%. [10] [11] [12] Given the frequency with which treatment interruptions occur, understanding the impact of MCA becomes important to optimize the outcomes of CRT. Thus, the goal of this study is to investigate the impact of toxicityrelated interruptions in chemotherapy administrations on the outcomes of NSCLC patients treated with definitive CRT. We hypothesized that MCA during CRT would result in reduced OS rates.
MATERIALS AND METHODS

Patient Population
From March 2003 to September 2013, a cohort of 97 patients with histologically confirmed NSCLC who received definitive concurrent CRT were evaluated under an Institutional Review Board-approved protocol. Seventy-one patients received carboplatin doublets, 14 received cisplatin doublets, and 12 received single-agent chemotherapy. Patients were assessed through chart review for toxicity-related MCA. The number of missed or reduced chemotherapy doses and reasons for missed or reduced doses were documented and weekly laboratory data was acquired to assess hematologic toxicity (HemeTox). Patients with inoperable (due to medical comorbidities) stage II (n = 9) disease treated with definitive CRT were included, whereas patients with stage IV disease were excluded. required for staging. Clinical staging was defined using the American Joint Committee on Cancer 7th-edition criteria. 13 
Treatment Planning
Patients were placed in a supine position with arms up to allow accurate reproducibility of the target lesion among treatment sessions. A large rigid pillow or mold was created for each patient. RT was delivered using 3-Dimensional conformal (3D-CRT) or intensity-modulated technique. RT was delivered through anteroposterior fields first to 40 Gy in 1.8 or 2 Gy/fraction/d followed by oblique fields to avoid the spinal cord for an additional 20 to 26 Gy for a total RT dose of typically 60 to 66 Gy. For involved bilateral mediastinal lymph nodes, intensity-modulated technique was used either from the onset of RT or for the boost/off-cord component of RT. The analytic anisotropic algorithm was used with tissue inhomogeneity corrections, with 6-or 15-MV photons used to deliver the RT. The radiation dose constraints for the spinal cord was <50 Gy, mean lung dose <20 Gy, lung V 5 < 60% to 70%, and lung V 20 < 37%. 
Criteria for Treatment Interruptions
At our institution, when significant toxicities arise, our preference is to continue RT and hold chemotherapy. Chemotherapy was held for Common Terminology Criteria for Adverse Events v4.0 (CTCAE) grade 2 absolute neutrophil count (ANC) or CTCAE grade 3 white blood cell count. Chemotherapy was also often held for CTCAE grade 3 esophagitis and occasionally CTCAE grade 2 esophagitis. Chemotherapy held for decline in performance status (PS) was defined as PS deterioration resulting in hospitalization.
Statistical Analysis
Initial analyses of baseline characteristics (contingency tables) of patients were conducted using w 2 tests of significance and their corresponding P-values were evaluated. These were first analyzed for all the patients, followed by comparisons of patients with and without MCA and chemotherapy dose reduction. Continuous variables were assessed for normality using the Shapiro-Wilk test. Non-normally distributed variables were compared using the Kruskal-Wallis test. Univariate logistic regression was used to determine which factors were significantly associated with MCA and variables with the lowest P-value were included in the multiple regression models. Unadjusted Kaplan-Meier curves for product limit survival estimates, progression-free survival (PFS), distant metastasis, and locoregional failure were computed for subjects. These curves were stratified on MCA status during CRT. Time was defined as the end of CRT to the event of interest. Reduced dose was included in the no MCA group for this analysis. Log-rank tests were used to compare survival and progression among strata. Survival analysis was carried out with Cox Proportional Hazards models and the number of variables in the multivariable models was determined on the basis of the number of events of interest, which is 1 variable per 10 events. Variables with the lowest P-values from univariate models were added to the multivariable model. All analyses were conducted using SAS version 9.3 (SAS Institute, Cary, NC) and the statistical level of significance was <0.05.
RESULTS
Baseline Characteristics
Baseline characteristics of the 97 patients are shown in Table 1 
Characteristics of Missed Chemotherapy
Characteristics of MCA or reduced chemotherapy dose are seen in Table 2 . MCA occurred in 39% (n = 38) of patients. There were 6 patients with reduction in chemotherapy doses (none of whom went on to miss any chemotherapy administrations). The reasons for MCA included HemeTox (56%, n = 21), esophagitis (17%, n = 6), decline in PS (12%, n = 4), allergic reaction (5%, n = 2), neuropathy (2.5%, n = 1), fever (2.5%, n = 1), hemoptysis (2.5%, n = 1), and hypotension (2.5%, n = 1). Of the 21 patients who had MCA due to HemeTox, 11 had CTCAE grade 3 ANC nadirs and 10 had CTCAE grade 2 ANC nadirs. Of the 6 patients who had MCA due to esophagitis, 3 were due to CTCAE grade 3 esophagitis and 3 were due to CTCAE grade 2 esophagitis. MCA occurred at a median of 5 weeks (range, 1 to 6 wk) for CTCAE grade Z2 HemeTox, at a median of 4 weeks (range, 2 to 6 wk) for CTCAE grade Z2 esophagitis, at a median of 2.3 weeks (range, 2.1 to 2.4 wk) for decline in PS, and at a median of 0.8 weeks (range, 0 to 1.6 wk) for allergic reaction. Of the patients who had a MCA, 50% (n = 19) missed only 1 dose, 29% (n = 11) missed 2 doses, and 21% (n = 8) missed Z3 doses.
MCA Impact on Survival
On univariate analysis, MCA was associated with increased mortality (hazard ratio [HR], 2.04; 95% confidence interval [CI], 1.24-3.36; P = 0.005). Median OS (Fig. 1 ) was 9.6 months (95% CI, 8.0-15.4 mo) for patients who had an MCA compared with 24.3 months (95% CI, 15.9-36.4 mo) for those receiving all doses (P = 0.004). MCA due to decline in PS was associated with the worst survival (4.6 mo; 95% CI, 0.53-7.2 mo), followed by allergic reaction (10.0 mo; 95% CI, 8.9-11.0 mo), HemeTox (11 mo; 95% CI, 8-15.4 mo), and esophagitis (17.2 mo, 95% CI, 5.3-22.6 mo; P < 0.027). Dose reductions in chemotherapy (9.8 mo; 95% CI, 5.3-22.6 mo; P = 0.0007) were also associated with worse survival compared with treatment with full-dose chemotherapy. However, patients with MCA (9.6 mo) compared with those with dose reduction (9.8 mo) did not have significant differences in survival rates (P = 0.48). continued to be associated with increased mortality (HR, 1.97; 95% CI, 1.16-3.34; P = 0.01). Increasing age was also associated with worse mortality in the model (HR, 1.04; 95% CI, 1.01-1.07; P = 0.02).
Neither pre-RT chemotherapy (HR, 0.83; 95% CI, 0.49-1.39; P = 0.47) nor post-RT chemotherapy (HR, 0.73; 95% CI, 0.40-1.32; P = 0.29) impacted survival on univariate analysis.
Missed Chemotherapy Impact on PFS
MCA (HR, 1.82; 95% CI, 1.14-2.89; P = 0.01) was also a risk factor for worse PFS on univariate analysis. Patients with MCA had a median PFS time (Fig. 2) Each MCA was associated with a 34% increased risk of disease progression (HR, 1.34; 95% CI, 1.19-3.24; P = 0.009). When adjusting for patient, treatment, and tumor-related factors (Table 3 ) MCA continued to be associated with risk for worse PFS (HR, 1.96; 95% CI, 1.14-3.36; P = 0.01). Increasing elapsed RT days (range, 29 to 116 d) trended toward increased risk of progression (HR, 1.02; 95% CI, 0.99-1.05; P = 0.06).
As seen in Figure 3 , MCA was associated with earlier distant spread of disease (6.9 mo; 95% CI, 3.9-13.3 mo versus 17.7 mo for those with no MCA; 95% CI, 7.7-30.0 mo; P = 0.01). Each MCA corresponded to 42% increased risk of distant spread of disease (HR, 1.42; 95% CI, 1.13-1.80; P = 0.0031). When adjusting for patient and treatment factors (Table 3) , MCA was a risk for distant metastasis (HR, 2.13; 95% CI, 1.27-3.60; P = 0.004). However, MCA was not a risk for local progression (HR, 1.54; 95% CI, 0.72-3.30; P = 0.26).
DISCUSSION
MCA was associated with worse OS as well as shorter times to PFS and distant metastasis during definitive CRT. Reduced chemotherapy dose was an additional risk for worse OS. The most frequent causes of MCA were HemeTox (56%) and esophagitis (17%).
Treatment interruptions are common with CRT and range from 23% to 35% in the literature, 13 which is similar to our rate of 39%. Decline in PS was associated with the worst survival (4.6 mo) and increasing Eastern Cooperative Oncology Group PS was a risk factor for worse survival in our analysis. Poor PS has long been acknowledged as a negative prognostic factor and reflects general health and systemic problems 2,10-12 ; however, our study only included 12 patients with Eastern Cooperative Oncology Group PS >2, thus limiting the generalizability of this part of the analysis.
The impact of MCA on the outcome of patients with NSCLC being treated with curative intent CRT is a poorly studied topic. Previous work in other cancers demonstrated deviation from the original radiation treatment plan is associated with worse prognosis. For example, prolongation of treatment time during RT is associated with worse local control in NSCLC, cervical, anal, and head and neck cancers. 14, 15 To account for the impact of RT treatment time on outcomes, we included elapsed days of RT in our multivariate models. In these models, MCA continued to be an independent predictor for worse OS, PFS, and earlier distant metastasis when accounting for RT treatment times demonstrating its clear impact on patient outcome.
In a study by Cox et al, 8 interruptions delaying completion of planned RT were more frequent in patients receiving higher total radiation doses (Z69.6 Gy) due to acute treatment reactions and poor tolerance by patients. [4] [5] [6] [7] [16] [17] [18] [19] The effects of higher doses of RT were also recently demonstrated with the results from Radiation Therapy Oncology Group 0617, which showed decrements in OS in patients treated with higher RT doses. 8 One hypothesis in the context of these findings suggest that treatment with standard doses of RT may reduce the risk of toxicity and result in avoidance of both RT and chemotherapy interruptions, possibly resulting in better treatment outcomes.
Chemotherapy dose reductions were also associated with worse OS (9.8 mo compared with 24.3 mo in patients who did not experience dose reductions; P = 0.0007), meaning dose reduction is not a viable alternative to holding chemotherapy. This finding is consistent with the knowledge of chemotherapy in breast cancer. 20 This further underlines the importance of optimizing delivery of both chemotherapy and RT. In this context, targeted radiotherapy to the tumor volume and sparing other thoracic organs, such as the esophagus and bone marrow, becomes important to improve the toxicity profile and tolerability of chemotherapy and RT as high doses to these structures can cause esophagitis and hematologic toxicity resulting in missed chemotherapy. [21] [22] [23] 
